Based on the theory of heat and mass transfer, a coupled model for the porous food vacuum cooling process is constructed. Sensitivity analyses of the process to food density, thermal conductivity, specific heat, latent heat of evaporation, diameter of pores, mass transfer coefficient, viscosity of gas, and porosity were examined. The simulation results show that the food density would affect the vacuum cooling process but not the vacuum cooling end temperature. The surface temperature of food was slightly affected and the core temperature is not affected by the changed thermal conductivity. The core temperature and surface temperature are affected by the changed specific heat. The core temperature and surface temperature are affected by the changed latent heat of evaporation. The core temperature is affected by the diameter of pores. But the surface temperature is not affected obviously. The core temperature and surface temperature are not affected by the changed gas viscosity. The parameter sensitivity of mass transfer coefficient is obvious. The core temperature and surface temperature are affected by the changed mass transfer coefficient. In all the simulations, the end temperature of core and surface is not affected. The vacuum cooling process of porous medium is a process controlled by outside process.
Introduction
Vacuum cooling, a rapid cooling process, has huge ability to cool the porous food [1] [2] [3] [4] [5] . Its heat and mass transfer is a complicated process, which has been investigated by many researchers [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Jin et al. [6] [7] [8] developed and validated moisture movement model for vacuum cooling of cooked meat. The vacuum cooling of cooked meat with cylindrical shape was carried out to obtain the variations of temperature, moisture content, and evaporation rate. Sun et al. [9] [10] [11] [12] [13] developed a series of models of simultaneous transient heat and mass transfer with inner heat and mass generation for analyzing the performance of vacuum cooling cooked meats. In addition, a mathematical model is developed to analyze the performance of a vacuum cooler [14] . Dostal and Petera [15] gave a simple mathematical model of the vacuum cooling process which enables the prediction of a temperature evolution regarding an equipment size, vacuum pump parameters, and properties of the cooled liquid. He and Li [16] developed a model for predicting the temporal temperature and mass of spherical solid foods during vacuum cooling. They discuss the effects of product thermophysical properties, convection heat transfer coefficient, latent heat of evaporation, and vacuum environmental parameters that govern the heat and mass transfer of product. The temporal trends of total system pressure, product temperature such as surface temperature, center temperature, and mass-average temperature, and the mass of product were predicted. Compared to the theory study, the vacuum cooling has been used for many kinds of food, like ham [17] , chicken breast [18, 19] , beef [20] [21] [22] [23] , potato [24] , cherry [25] , pork [26, 27] , mussels [28] , carrot [29] , rose [30, 31] , purslane [32] , lettuce [33] , and others [1] [2] [3] [4] .
Compared with the experiment, the simulation shows the excellent ability in time and economic. Except the model theory and method, the parameter of model is also the basic element which decided the results accuracy with the real physical process. The parameter is very difficlt to gotten by 2 Mathematical Problems in Engineering experiment. And most of them in modeling study were gotten from the other references that maybe not right in their present model. Few studies were focused on parameter sensitivity of the vacuum cooling process. In this paper, heat and mass transfer of porous food in the vacuum cooling process is implemented by using a nonequilibrium method. Sensitivity analyses of the process to food density, thermal conductivity, specific heat, latent heat of evaporation, diameter of pores, mass transfer coefficient, viscosity of gas, and porosity were examined.
Model and Method
A physical two-dimensional axis symmetry model that explains the vacuum cooling process is shown in Figure 1 . The total length of the porous food is 310 mm. The diameter is 130 mm. In order to simplify the calculation, half of the model was used.
The porous food consists of a continuous rigid solid phase and a continuous gas phase which are considered as ideal gases because the process temperature and pressure are normal scope. For a mathematical description of the transport phenomenon in a porous medium, the paper adopts a continuum approach, wherein macroscopic partial differential equations are achieved through the volume averaging of the microscopic conservation laws. The value of any physical quantity at a point in space is given by its average value on the averaging volume centered at this point.
The moisture movement of the inner porous medium is vapor movement. The liquid water could be become vapor, and the vapor is moved by the pressure gradient. The heat and mass transfer theory could be found everywhere [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
The compressibility effects of the solid phase are negligible, and the phase is homogeneous:
The gaseous phase is considered an ideal gas. This phase ensures that
Mass conservation equations are written for each component in each phase. Given that the solid phase is rigid, the following is given.
For vapor,
where the gas velocity is given by
By considering the hypothesis of the local thermal equilibrium, the energy conservation is reduced to a unique equation:
B.C. for (3) on the symmetric surface is = 0.
B.C. for (3) on the outer surface is
B.C. for (5) on the symmetric surface is
B.C. for (5) on the outer surface is
The initial pressure of vapor is as follows. I.C. for (3) is
The initial temperature of porous food is as follows. I.C. for (5) is
The evaporation rate is a complex function of drying process in porous medium. The phase change can be formulated in two ways, equilibrium and nonequilibrium. Evaporation of water has been implemented using an equilibrium [13] m formulation where water in the solid matrix is assumed to be in equilibrium with water vapor in the surrounding air. However, recent studies have shown that evaporation is not instantaneous and nonequilibrium exists during rapid evaporation between gas phase and liquid phase. Furthermore, the equations resulting from an equilibrium formulation cannot be implemented in any direct manner in the framework of most commercial software. The more general expressions of nonequilibrium evaporation rate used for modeling of phase change in porous media that is consistent with studies on pure water just mentioned are given by previous researches [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] :
Here is a parameter signifying the rate constant of evaporation. The nonequilibrium formulation, given by (12), allows precisely this; that is, it can express the evaporation rate explicitly and therefore would be preferred in commercial software and is therefore used in our model.
The phase change rate of water could not be decided by any method for porous medium cooling. The rate constant parameter has the dimension of reciprocal time in which phase change occurs. A large value of signifies that phase change occurs in a small time. For the assumption of equilibrium, the rate of evaporating is infinitely large or phase change occurs instantaneously. A very high value of evaporating rate, however, makes the convergence of the numerical solution difficult.
The parameters value of the model is listed in Table 1 . Sensitivity analyses of the process to food density, thermal conductivity, specific heat, latent heat of evaporation, diameter of pores, mass transfer coefficient, viscosity of gas, and porosity were then examined by changing the value ±20%.
Numerical Simulation
COMSOL Multiphysics 3.5a was used to solve the set of equations. COMSOL is advanced software used for modeling and simulating any physical process described by partial derivative equations. The set of equations introduced above was solved using the relative initial and boundary conditions. COMSOL offers three possibilities for writing the equations:
(1) a template (Fick Law, Fourier Law), (2) the coefficient form (for mildly nonlinear problems), and (3) the general form (for most nonlinear problems). Differential equations in the coefficient form were written using an unsymmetricalpattern multifrontal method. The paper used a direct solver for sparse matrices (UMFPACK), which involves significantly more complicated algorithms than solvers used for dense matrices. The main complication is the need to handle the fillin in factors L and U efficiently. A two-dimensional (2D) axis symmetry grid was used to solve the equations using COMSOL Multiphysics 3.5a. The mesh consists of 25 × 50 elements (2D), and time stepping is free taken by solver. Several grid sensitivity tests were conducted to determine the sufficiency of the mesh scheme and to ensure that the results are grid independent. A backward differentiation formula was used to solve timedependent variables. Relative tolerance was set to 1 × 10 −4 , whereas absolute tolerance was set to 1×10 −6 . The simulations were performed using a Tongfang PC. It is using the Intel Core 2 Duo processor with 3.0 GHz processing speed and 4096 MB of RAM running by Windows 7. Figure 2 is the sensitivity of vacuum cooling process to food density as measured by core and surface temperature. The food density is changed with the cooling process because of the water evaporating. In [13] , the density of food before cooling is 1072 kg m −3 but after cooling is 1024 kg m its modeling does not discuss the effect of density change. In the present simulation, the density of food is increased 20% at first simulation. It is 1286 kg m −3 . And then the density of food is lowered 20%; it is 857.6 kg m −3 . The simulation results show that the density increased, and the temperature is a little increased before the end pressure is gotten. The core temperature and surface temperature have the same change. The density would affect the vacuum cooling, but not the vacuum cooling end temperature. And in our simulation, the density is changed in 20%, and it is a big scope in fact. So, we could conclude that the density sensitivity is not so big. Figure 3 is the sensitivity of vacuum cooling process to food thermal conductivity as measured by core and surface temperature. The thermal conductivity is changed with the cooling process because of the water evaporating. In [13] , the thermal conductivity of food before cooling is 0.59 W m −1 k −1 ; after cooling it is 0.48 W m −1 k −1 . In [8] , the thermal conductivity of food is gotten from reference by changed moisture and used the averaged thermal conductivity 0.4943 W m −1 k −1 . But its modeling is not discussed the effect of thermal conductivity change. In our simulation, the thermal conductivity of food is increased 20% at first. It is 0.708 W m −1 K −1 . And then the thermal conductivity of food is lowered 20%; it is 0.472 W m
Results and Discussion
The results show that the parameter sensitivity of thermal conductivity is very little. The surface temperature of food was slightly affected. The core temperature is not affected by the changed thermal conductivity. It is the process which is controlled by outside porous food that is vacuum condition. Figure 4 is the sensitivity of vacuum cooling process to food specific heat as measured by core and surface temperature. The food specific heat is changed with the cooling process because of the water evaporating. In [13] , the specific heat before cooling is 3439 J kg
In [8] , the specific heat is gotten from reference by changed moisture and used the averaged specific heat, 3214.8 J kg −1 K −1 . But its modeling is not discussed the effect of specific heat change. In our simulation, the specific heat is increased 20% at first. It is 4126.8 J kg −1 K −1 . And then the specific heat is lowered 20%; it is 2751.2 J kg −1 K −1 . The results show that the parameter sensitivity of specific heat is little, but obvious. The core temperature and surface temperature is affected by the changed specific heat. But the end temperature is not affected. Figure 5 is the sensitivity of latent heat of evaporation in vacuum cooling process as measured by core and surface temperature. The latent heat of evaporation is changed with different food and material. In [11] , the latent heat is given by the equation related temperature, but in [8] , it is shown in Table 1 . In the present simulation, the latent heat is increased 20% at first. It is 3349.44.k J kg −1 . And then the latent heat is lowered 20%; it is 2232.96 k J kg −1 . The results show that the parameter sensitivity of latent heat is little, but obvious. The core temperature and surface temperature are affected by the changed latent heat of evaporation. With the latent increase, the temperature is lowered. But the end temperature is not affected. Figure 6 is the sensitivity of pores diameter in vacuum cooling process as measured by core and surface temperature. The pores diameter is material property. Different food should have the different diameter. But in [8, 13] , the value is the same. It is 2.5 mm. But the effect of pores diameter is not discussed in its modeling. In the present simulation, the pores diameter is increased 20% at first. It is 3 mm. And then the pores diameter is lowered 20%; it is 2 mm. The results show that the parameter sensitivity of pores diameter is little, but obvious. The core temperature is affected by the diameter of pores. But the surface temperature is not affected obviously. Figure 7 is the sensitivity of food porosity in vacuum cooling process as measured by core and surface temperature. The porosity is material property. Different food should have the different porosity. But in [8, 13] , the value is the same. But the effect of porosity is not discussed in its modeling. In the present simulation, the porosity is increased 20% at first. It is 
7.2%. And then the porosity is lowered 20%
; it is 4.8%. The results show that the parameter sensitivity of porosity is little, but obvious. The core temperature is affected by the diameter of pores. But the surface temperature is not affected obviously. Figure 8 is the sensitivity of gas viscosity in vacuum cooling process as measured by core and surface temperature. The gas viscosity should be measured in experiment, but most of them are gotten from reference. But the effect of gas viscosity is not discussed in its modeling. In our simulation, the gas viscosity is increased 20% at first. It is 11.52×10 −6 Pa s.
And then the specific heat is lowered 20%; it is 7.68×10 −6 Pa s. The results show that the parameter sensitivity of gas viscosity is so little, but not obvious. The core temperature and surface temperature is not affected by the changed gas viscosity. The end temperature is not affected. Figure 9 is the sensitivity of mass transfer coefficient in vacuum cooling process as measured by core and surface temperature. The mass transfer coefficient is changed with the cooling process because the water evaporating is changed with the vacuum condition. But the effect of mass transfer coefficient is not discussed in its modeling. In our simulation, the mass transfer coefficient is increased 20% at first. It is 10.08 × 10 −7 kg Pa −2 m −2 s −1 . And then the mass transfer coefficient is lowered 20%; it is 6.728.4 × 10 −7 kg Pa −2 m −2 s −1 . The results show that the parameter sensitivity of mass transfer coefficient is obvious. The core temperature and surface temperature is affected by the changed mass transfer coefficient changed.
Conclusion
A coupled model of porous food vacuum cooling based on the theory of heat and mass transfer was implemented in this paper. Sensitivity analyses of the process to food density, thermal conductivity, specific heat, latent heat of evaporation, diameter of pores, mass transfer coefficient, viscosity of gas, and porosity were then examined. The simulation results show that the density would affect the vacuum cooling process, but not the vacuum cooling end temperature. The parameter sensitivity of thermal conductivity is very little. The surface temperature of food was slightly affected. The core temperature is not affected by the changed thermal conductivity. The parameter sensitivity of specific heat is little, but obvious. The core temperature and surface temperature are affected by the specific heat changed. The parameter sensitivity of latent heat is little, but obvious. The core temperature and surface temperature are affected by the changed latent heat of evaporation. With the latent increase, the temperature is lowered. The parameter sensitivity of pores diameter is little, but obvious. The core temperature is affected by the diameter of pores. But the surface temperature is not affected obviously. The parameter sensitivity of porosity is little, but obvious. The core temperature is affected by the diameter of pores. But the surface temperature is not affected obviously. The parameter sensitivity of gas viscosity is so little, but not obvious. The core temperature and surface temperature is not affected by the changed gas viscosity. The parameter sensitivity of mass transfer coefficient is obvious. The core temperature and surface temperature is affected by the changed mass transfer coefficient. In all the simulation, the end temperature of core and surface is not affected. Compared with all the results, the sensitivity of parameters is not so big. It could conclude further that the vacuum cooling process is the process which is controlled by vacuum chamber condition. 
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